Introduction
Sialic acids (Sias) are a large family of acidic monosaccharides comprising >50 members. The most well-known Sia, neuraminic acid (Neu), contains an N-acetyl modification at the 5-carbon position (Neu5Ac). Sias are found in animals and some pathogenic microorganisms. In animals, they are generally positioned at the distal end of glycoconjugates (Schauer 2004) . In bacteria, sialic acid (Sia) and Sia-like molecules as legionaminic acid and pseudaminic acid, all termed as Sias in the following, are among other places displayed on the cell surface as capsular polysaccharides or found in lipopolysaccharides (LPSs) (Angata and Varki 2002) . The production of surface Sia polysaccharides is directly related to the virulence of some organisms (Masson et al. 1982) . Many pathogenic bacteria that can biosynthesize Sias, use them for molecular mimicry and thus to evade the host immune system (Preston et al. 1996) . In several pathogenic organisms such as E. coli (Annunziato et al. 1995) , Neisseria meningitidis (Edwards et al. 1994) and Campylobacter jejuni (Linton et al. 2000) , a correlation between the biosynthesis of Sias and pathogenicity has been reported.
To gain insight into the role of Sias in bacterial pathogenesis, the fish pathogen A. salmonicida was chosen as the model organism for this study. A. salmonicida is a gram negative psychrophilic fish pathogenic bacterium (Egidius et al. 1986 ). The complete genome of the strain LFI1238 has been sequenced (Hjerde et al. 2008) and reveals that it possesses the ability to synthesize two Sias, namely Neu and legionaminic acid. The genome contains three copies of a gene cluster homologs to the E. coli Neu gene cluster, which is involved in synthesis of Sias found in the E. coli capsule. The first Neu gene cluster (Neu1) resembles that of E. coli both in sequence and gene arrangement and is probably responsible for synthesis of Neu in A. salmonicida. The two other Neu gene clusters (Neu2) that are perfect copies of each other have less sequence homology with E. coli and use probably alternative, but similar substrates. Legionaminic acid has been detected in the LPS layer of A. salmonicida strain LFI1237 (Edebrink et al. 1996; Bogwald and Hoffman 2006) and is most probably synthesized by the Neu2 gene cluster. In this study, we show that the Neu variants N-acetylneuraminic acid (Neu5Ac) and 7(9)-O-acetyl-N-acetylneuraminic acid (Neu5,7(9)Ac 2 ) are present in A. salmonicida and their synthesis is involving the NeuB1 encoded from the Neu1 gene cluster.
Neu5Ac is a potential raw material in the synthesis of the drug zanamivir, which is used to prevent and treat the infections of both influenza types A and B (Maru et al. 2002; Lee et al. 2007; von Itzstein 2007; Kawai et al. 2009 ). Moreover, Neu5Ac and its derivates have a wide range of other potential medical applications such as anticancer, antiadhesion and antiinflammatory activities . As a food supplement, Neu5Ac is specially an attractive component for infant formulas (Wang and Brand-Miller 2003; Wang 2009 ). Sias and their derivates are also reported as promising for stabilization, protection and targeting of nanocarriers used in drug delivery systems (Bondioli et al. 2011) . The production of Neu5Ac is a complex and low-yield process (Juneja et al. 1991; Koketsu et al. 1992 ) and cheaper, more efficient methods for production are needed. Cold-adapted enzymes might have an advantage over the Neu synthases and aldolases which are currently used for production. Such enzymes are often characterized by having high catalytic efficiency, more flexible structure and lower thermal stability compared with mesophilic enzyme counterparts (Altermark et al. 2007; Olufsen et al. 2007) .
In bacteria, the condensation of N-acetylmannosamine (ManNAc) and phosphoenolpyruvate (PEP) by the enzyme Sia synthase (NeuB) produces Neu5Ac (Warren and Felsenfeld 1962) . The biosynthesis pathways reported from different pathogenic bacteria (Vimr et al. 2004 ) are using UDP-N-acetylglucosamine (UDP-GlcNAc) as the start precursor for the production of Neu5Ac. Here, we hypothesize that in A. salmonicida (and others) Neu5,7Ac 2 is biosynthesized from the substrate 4-O-acetyl-N-acetylmannosamine (4-OAc-ManNAc) and the cofactor PEP by the NeuB1 enzyme. We present the procedures for recombinant production of A. salmonicida NeuB1 (AsNeuB1). The enzyme has further been characterized and its properties have been compared with published data from homologous enzymes. We also present the hypothetical pathway for the production of Neu5,7Ac 2 , in which we believe should be correct, and report the detection of acetylated forms of Neu in A. salmonicida. The results may also be valid for similar pathways leading to the sialylated polysaccharide capsules found in E.coli and Streptococcus agalactiae, both causing meningitis in newborn babies (Heath et al. 2011) .
Results
Cloning, expression and purification of NeuB1 E. coli Rosetta 2 (DE3) pLysS cells were transformed with the expression plasmid pDEST17 containing the gene encoding NeuB1 downstream a His 6 -tag coding sequence and a tobacco etch virus (TEV) protease site. The protein was soluble when expressed at 20°C overnight after induction with 0.5 mM isopropyl-1-thio-β-galactopyranoside (IPTG). Protein purification was carried out in three consecutive purifications using Ni 2+ affinity columns and a Superdex 200 (16/60) Gel filtration column. From the first HisTrap purification, the protein was >90% pure as ascertained by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 1 ). The amount of protein obtained after the first HisTrap purification was 37 mg/L. There was a substantial loss of protein in subsequent TEV-protease digestion (to remove the His 6 -tag) and purification steps. Finally, 23 mg of pure protein was obtained from a 1 L culture. The protein activity was measured using the thiobarbituric acid (TBA)-assay (Warren 1959; Aminoff 1961) . The protein was stable at 4°C for 4 weeks and at −80°C for at least 1 year, and the activity decreased with increased time when stored at 4°C. The protein band on the SDS-PAGE gel shown in Figure 1 demonstrates the purity and the expected molecular weight of the monomer subunit. The calculated molecular mass of recombinant AsNeuB1 is 38830.3 Da. The chromatogram peak from the gel filtration indicated that the protein is having a molecular weight of 74 kDa, which is approximately the double of a monomer subunit, confirming the dimeric nature of NeuB1. Protein concentrations measured with a nanodrop spectrophotometer and by using the Bradford assay were similar. Thus, the nanodrop method was used for the measurement of protein concentrations throughout the experiments due to its convenience.
Optimum pH and temperature for activity The enzyme was active from pH 7.5 to 10.0, having maximum activity at pH 8.0 in both 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-and Tris-HCl buffer. The enzyme was inactive at pH values <7.5. A sharp increase in enzyme activity from pH 7.0 to 7.5 was observed. Above the pH optimum, the decrease in activity was gradual (Figure 2 ). Regarding temperature, the enzyme was most active at 45°C. The increase in activity was gradual until the optimum temperature was reached, then the activity decreased NeuB1 and sialic acid biosynthesis in Aliivibrio salmonicida rapidly (Figure 3 ). The activity of the enzyme was determined based on the colorimetric TBA assay where activity is proportional to the intensity of the formed pink/red color. Light red color produced at 5°C indicated that the enzyme was active, whereas no red color was produced at 55°C, indicating that the enzyme was inactive at that temperature. The blank reaction (without enzyme) showed a certain absorbance at 549 nm (mostly caused by ManNAc). In this experiment, the blank value was not deducted from the active value which explains the upshifting of the graph even though the enzyme was not active at higher temperatures. , and the relative activity when using Co 2+ and Mg 2+ was 70 and 50%, respectively. No activity was observed in the absence of metal. Addition of 0.1 mM of Mn 2+ to the apoenzyme was sufficient to reach 100% activity.
Preference for divalent cations

Unfolding and refolding
We checked the ability of the enzyme to refold by exposing it to 55°C and then measuring residual activity at room temperature. Exposure of the enzyme to 55°C for >5 s resulted in complete irreversible inactivation.
Enzyme kinetics
The Michaelis constant (K M ) and the turnover number (k cat ) of the enzyme for both ManNAc and PEP were obtained. The limitation in the amount of ManNAc that can be used in the assay setup makes it difficult to measure the K M value precisely. The initial velocity for ManNAc is in increasing state even at 300 mM ( Figure 4A ), meaning that higher substrate concentration is required for saturation. The K M value for ManNAc lies beyond the maximum concentration of ManNAc used in the assay, and is very high compared with the reported values for other NeuB versions (Table I ). In case of PEP, the initial velocity starts to flat out after 0.1 mM, ( Figure 4B ), demonstrating that a much lower cofactor concentration is sufficient to reach maximum enzyme velocity (V max ). The k cat values for ManNAc and PEP are close to similar, which they in theory should be. This indicates that the kinetic values also for ManNAc can be trustworthy. In addition, the kinetic values for PEP are similar to the values found for other characterized NeuB proteins (Table I ). The question which arises is; how can an enzyme work with a K M 150 times its normal substrate concentration? The answer is that there is something wrong with the substrate.
Sequence and structural analysis of NeuB variants A comparison of several NeuB homologs is shown in the structural alignment in Figure 5 . The predicted secondary structure of AsNeuB1 is highly similar to that belonging to NmNeuB crystal structure. There is a clear substitution of amino acids, near the position where the 4-O-acetyl group on ManNAc would be located, between NeuB sequences which accept ManNAc (NmNeuB and CjNeuB) and the rest which, in our opinion, accepts 4-O-acetylated ManNAc as putative substrate. A structural comparison of the residues belonging to NmNeuB and AsNeuB1 which interact with the modeled 4-O-acetyl group of ManNAc is shown in Figure 6 . It clearly reveals that the 4-O-acetyl group can not fit in the NmNeuB structure ( Figure 6A ) but fits very well when mutating the residues to those of AsNeuB1 ( Figure 6B ).
Analyses of Neu variants from A. salmonicida
To investigate the presence of Neu variants in A. salmonicida, cells were subjected to mild acid hydrolysis, and released Sias were analyzed using 1,2-Diamino-4,5-methylene dioxybenzene Figure 8B ). The MS/MS spectra for these peaks were compared with the spectrum for the peak with similar retention time ( Figure 7B ) from the reference panel (m/z = 468.1585-468.1641, RT 5.90). Analysis showed that the peak at RT 5.80 correspond to the same molecule as does the peak at RT 5.90 from the reference panel ( Figures 7D and 8D ). From the reference panel, only Neu5,7Ac 2 and Neu5,9Ac 2 will give this mass, however the spectra contain characteristic fragment ions (m/z = 313, 295, 283 and 229) described for DMB-Neu5,7Ac 2 (Klein et al. 1997) . The MS/MS spectrum for the peak at RT 6.05 (not shown) did not coincide to the spectra obtained for the reference panel at this mass. The analysis of A. salmonicida with regard to DMB-Neu5Ac ( Figure 8A ) gives a MS/MS spectrum ( Figure 8C ) very similar to what is observed for the DMB-Neu5Ac standard ( Figure 7C ), confirming that A. salmonicida also contains Neu5Ac. The spectrum is similar to what is reported previously for DMB-Neu5Ac (Hashii et al. 2007) . We also analyzed a sample of the growth medium for its possible content of these Sias. The medium contained small amounts of Neu5Ac, but no di-acetylated Neu as expected (results not shown). The presence of trace amounts of Neu5Ac in Luria Broth (LB) medium has also been reported previously (Steenbergen et al. 1992) . The amount of DMB-Neu5Ac was determined through the generation of a standard curve (data not shown).
Discussion
We have successfully cloned, expressed, purified and characterized AsNeuB1. In general, the observed enzyme properties are similar to other characterized homologs except that the K M value for ManNAc is extremely high, indicating a poor substrate affinity.
Oligomeric state and sequence identity
From the gel filtration purification, it is evident that AsNeuB1 elutes as a dimer in solution. S. agalactiae NeuB (SaNeuB), E. coli NeuB (EcNeuB) and NmNeuB have also been reported to be dimeric enzymes (Suryanti et al. 2003; Gunawan et al. 2005; Hao et al. 2005) . The identity of AsNeuB1 to its homologs from E.coli, Edwardsiella ictaluri, S. agalactiae, C. jejuni and N. meningitidis is 68, 76, 57, 30 and 32%, respectively ( Figure 5 ).
Effect of pH
Studies on NeuB from different organisms have shown that the enzyme is active over a wide range of pH values (Blacklow and Warren 1962; Suryanti et al. 2003 ; Hao et al. 
2005
). The pH optimum for AsNeuB1 (7.5-8.0) is in accordance with the pH optimum for EcNeuB and NmNeuB (Blacklow and Warren 1962; Vann et al. 1997 ). However, the AsNeuB1 is inactive at pH 7.0, which is the optimum pH for SaNeuB (Suryanti et al. 2003) . There is a sharp rise in activity of AsNeuB1 from inactive to active from pH 7.0-7.5 ( Figure 2) . A similar rise in activity due to change in pH was also observed for NmNeuB (Blacklow and Warren 1962; Hao et al. 2005) , whereas the profile was not shown for SaNeuB. A change in the protonation state of His-215 and -236 ( Figure 5 ) which coordinates the metal ion could explain this sharp rise in activity.
Effect of temperature
The activity of AsNeuB1 was almost similar in Tris-HCl and HEPES buffers at pH 8.0, thus HEPES buffer was chosen for the temperature profile studies of AsNeuB1 in order to minimize the change in pH with temperature. AsNeuB1 was active from 5-50°C, showing maximum activity at 45°C (Figure 3) . A previous study has reported 45°C as the optimum temperature for NmNeuB (Vann et al. 1997 ). The optimum temperature for SaNeuB, another mesophilic counterpart of AsNeuB1, is 37°C. Further, an 80-90% reduction in activity was reported after incubating at 50°C for 30 min, and the enzyme was completely inactivated after incubation at 60°C (Suryanti et al. 2003) . AsNeuB1 also shows a similar pattern; however, 20% activity is retained at 50°C, but it is inactive at 55°C. Since AsNeuB1 comes from a psychrophilic source, it is reasonable to expect the enzyme to possess high activity at lower temperature, one among the different features of cold-adapted enzymes (Altermark et al. 2007 ). The optimum temperature for growth of A. salmonicida is between 6 and 10°C (Colquhoun et al. 2002) . The activity of AsNeuB1 at 5°C is low (absorbance value), but the enzyme is active at 5°C as judged by the production of the red chromophore in the TBA assay. It might be that the amount of activity remained at the lower temperature gives sufficient quantity of Sia. Another possibility is that AsNeuB1 needs to be part of a multiprotein complex to function optimally, as some of the enzymes in the Sia biosynthetic pathways are thought to interact with each other. In E. coli, the NeuB1 and NeuD1 are shown to interact . It is also possible that the Neu-genes might have been horizontally transferred in recent history, as trasposases are surrounding the operon and the Neu-genes show lower than average GC-content (data not shown). The polymerase chain reaction (PCR)-screening of several A. salmonicida strains from different years and geographic locations (Norway, Canada, Faroe Islands and Shetland Islands) for the presence of the Neu-operon were all, except one, positive (Supplementary data, Figure S1 ) indicating an important function conserved among the strains. 
NeuB1 and sialic acid biosynthesis in Aliivibrio salmonicida
Effect of metal ions Divalent cations are required for the activity of both mammalian (Chen et al. 2002) and bacterial (Blacklow and Warren 1962) Sia synthases. The activity of AsNeuB1 was very high in the presence of Mn 2+ , while in the presence of Co 2+ and Mg 2+ the relative activity was 70 and 50%, respectively. NeuB enzymes from E. coli and N. meningitidis are reported to be more active in the presence of Mn 2+ (Blacklow and Warren 1962; Vann et al. 1997) . Similar results are found for NeuB from S. agalactiae and C. jejuni (Suryanti et al. 2003; Sundaram et al. 2004) . A bit contradictory to this, it is later shown that NmNeuB is more active in the presence of Co 2+ (Hao et al. 2005 ). When we tested the AsNeuB1 activity in the absence of metal ions, no activity was observed. The binding to Mn 2+ was quite strong as 0.1 mM was sufficient to regain 100% activity.
Temperature induced unfolding and refolding of enzyme To our knowledge, unfolding and refolding studies have not been reported for other NeuB enzymes. We were interested to see whether the enzyme refolds after being unfolded. The enzyme incubated for >5 s at 55°C was not active when tested. Thus, the enzyme is very sensitive to high temperatures and can easily be heat inactivated, due to lack of refolding.
Interference of the His 6 -tag on the enzymatic properties Initial characterization ( pH-, temperature-and metal preference) were done using His 6 -tagged enzyme. The pDEST17 vector together with the TEV-protease site leaves 27 nonnative amino acids in the N-terminus. Later, we performed control experiments using the enzyme where the His 6 -tag were removed by TEV-protease treatment. The level of activity was nearly identical. For the kinetic experiments, the untagged version of the enzyme was used, leaving just one additional N-terminal amino acid (Glycine) compared with the wild-type enzyme.
Proposed pathway for synthesis of diacetylated Neu in A. salmonicida Our suggested pathway leading to Neu5,7Ac 2 in A. salmonicida is presented in Figure 9 . We believe that the first enzyme in the pathway is the O-acetyltransferase NeuD1, putting an acetyl-group on UDP-GlcNAc (I). The formed UDP-4-OAcGlcNAc (II) is then epimerized by the hydrolyzing 2-epimerase NeuC1, giving 4-OAc-ManNAc (III), before Neu5,7Ac 2 (IV) is produced by NeuB1 utilizing 4-OAc-ManNAc as substrate together with the cofactor PEP. Finally, Neu5,7Ac 2 is activated by the cytidine-5′-monophosphate-Neu5,7Ac 2 synthetase NeuA1.
Published work regarding the function of NeuD, NeuC and NeuB Difficulty in specifying the role of NeuD has been reported (Annunziato et al. 1995) , but it was indicated that the enzyme might have acetyltransferase activity. In 2006, Lewis et al. (2006) showed that NeuD from Group B Streptococcus (GBS) encodes a Sia-O-acetyltransferase and is required for capsular polysaccharide sialylation. Additionally, a NeuD knock-out mutant was not capable of synthesizing a capsule in E. coli K1 . No in vitro kinetic studies on the NeuD activity have to our knowledge been performed, and it is only assumed that the enzymes from E. coli and GBS use Neu5Ac as substrate. We believe that the 4-O-acetylated UDP-GlcNAc possibly produced by A. salmonicida NeuD1 is further epimerized by A. salmonicida NeuC1 into 4-OAc-ManNAc (Figure 9 ). UDP-GlcNAc 2-epimerase activity has previously been described for E. coli K1 NeuC ) where the authors interestingly note an extremely low rate of ManNAc formation from UDP-GlcNAc. This is likely to be caused by the lack of 4-O-acetyl group on the UDP-GlcNAc substrate they used. Further, our model propose that 4-OAc-ManNAc is utilized by AsNeuB1 along with the cofactor PEP to produce Neu5,7Ac 2 . The lack of the 4-O-acetyl group on ManNAc used in our assays could explain the really high K M value we got ( Figure 4A) . A low specific activity of E. coli K1 NeuB has also been reported (Vann et al. 1997) . The authors even suggest that ManNAc or PEP are incorrect substrates and might be the reason for the low enzyme activity. When ManNAc was supplemented as a carbon source to grow E. coli K92, a low intracellular ManNAc concentration equivalent to 2 mM was detected (Revilla-Nuin et al. 1998 ). This indicates that it is highly unlikely to naturally have such a high K M for ManNAc, and again points to the interpretation that ManNAc is not the preferred substrate for AsNeuB1 and others.
Sequence analysis and structural considerations
The gene encoding NeuD1 found in the Neu1 gene cluster of A. salmonicida is not present in the genomes of N. meningitides or C. jejuni. Sequence and structural analysis show that these NeuD-lacking organisms have different residues at putative acetyl interacting sites in their NeuB1 homologs, compared with A. salmonicida, E. ictaluri, E. coli and S. agalactiae which are all containing NeuD1 (Figure 5 ). Kinetic data for NeuB are only available from organisms lacking NeuD (Table I) . When ManNAc is O-acetylated at the C4-hydroxyl position, the molecule becomes more hydrophobic. In the crystal structure of NeuB from N. meningitides, co-crystallized with reduced ManNAc (protein data bank (PDB) id 1xuz), there is no space for an acetyl group at the C4-hydroxyl position of ManNAc ( Figure 6A ). The Met83 is occupying this space. His57 is also appearing too close to the methyl group of the acetyl molecule. In addition, Ile79 and Phe288 will interact closely to the carbonyl oxygen and repel it. All of these amino acids are substituted in AsNeuB1 presumably in order to better accommodate the acetyl group ( Figure 6B ). The reason for the high K M for AsNeuB1 assayed with ManNAc could be the presence of Phe in position 57, which is His in NmNeuB. The hydrophobic Phe will not provide a favorable environment for the 4′ OH group of ManNAc.
Several facts are thus indicating that 4-O-acetylated ManNAc is the correct substrate for AsNeuB1 (which sits in an operon together with NeuD1); the high K M observed for ManNAc, compared with the much lower K M values (Table I) for the homologous enzymes from N. meningitidis and C. jejuni (which sit in operons without NeuD1). Further; the difficulty to measure the activity of NeuC from a neuD containing genome ). Additionally, the crystal structures of acetylases in the same family as NeuD1 (NeuD2 from A. salmonicida and PglD from N. meningitidis) reveal that they use GDP-or UDP-sugars and act on precursors similar to UDP-GlcNAc (B. Altermark et al. in preparation; Olivier and Imperiali 2008) . This supports the proposed pathway presented in Figure 9 . The use of 4-O-acetylated ManNAc in assays could provide further answers; however, this compound is not commercially available. We are looking into the possibilities of getting the compound synthesized. We are also planning to mutate the residues where the putative acetyl group will bind. Then, a comparison between the wildtype and the mutated enzyme hopefully will provide detailed insight into the substrate preference for AsNeuB1.
Evolutionary origin and protein-protein interaction of the Neu proteins
A thorough analysis of the evolutionary relationship between the different Sia synthases found in nature has been performed (Lewis et al. 2009 ). Here the authors found that the ability to synthesize Neu probably arose twice in the bacterial kingdom. The NeuB proteins originating from Neu-pathways containing Fig. 9 . Proposed pathway for Neu synthesis in A. salmonicida. We believe the first enzyme in the pathway is the O-acetyltransferase NeuD1, putting an acetyl group on UDP-GlcNAc. The 4-O-acetylated UDP-GlcNAc is then epimerized by the hydrolyzing 2-epimerase NeuC1, before Neu5,7Ac 2 is produced by the sialic acid synthase NeuB1 using 4-OAc-ManNAc as substrate together with the cofactor PEP. Finally, Neu5,7Ac 2 is activated by the CMP-Neu5,7Ac 2 synthetase NeuA1.
NeuB1 and sialic acid biosynthesis in Aliivibrio salmonicida
NeuD are more related to legionaminic acid syntases in pathways leading to the related sugar legionaminic acid than they are to NeuB-variants originating from Neu-pathways lacking NeuD (found in Neisseria and Campylobacter). This fits also well with the fact that the legionaminic acid gene clusters in C. jejuni NCTC11168 and L. pneumophila Philadelphia 1 also contain NeuD homologs whose putative function is to N-acetylate sugar precursors really similar to GlcNAc (Glaze et al. 2008; Schoenhofen et al. 2009 ).
The reported in vivo interaction of NeuD and NeuB in E. coli K1 is also interesting, because it would have been detrimental if NeuD were to acetylate the intracellular pool of UDP-GlcNAc as this is used in a wide variety of pathways. This problem might be overcome by channeling all products from NeuD directly to NeuC and NeuB in a bigger multiprotein complex. A multiprotein complex of Neu proteins has also been suggested by others (Steenbergen and Vimr 2008) .
Neu variants released from A. salmonicida through acid hydrolysis
The migration and loss of O-acetyl groups might be a problem in the analyses of Sias as diversity can be lost, however mild acid release should generally minimize this ). With mild acid hydrolysis for 3 h, initial attempts to identify Neus in A. salmonicida indicated low relative amounts of di-acetylated Neu characteristic for Neu5,7Ac 2 . The method for Sia release used was therefore modified by shortening the hydrolysis time to 1.5 h and by adding an O-acetylesterase inhibitor to the crude biological samples. This resulted in lower amounts of detected Neu5Ac, and just a slightly increase for di-acetylated Neus. We noticed a high peak with the same mass as di-acetylated Sia (RT 6.05, Figure 8B ) eluting after the other peaks in the reference panel ( Figure 7B ). We speculate that it can be Neu4,5Ac 2 due to characteristic fragments (Klein et al. 1997 ) obtained in the MS2 spectrum for this peak (not shown), however the method for Sia release used should theoretically not liberate this di-acetylated Sia (Manzi 2001) . Further, this sugar cannot be verified as it is not present in the reference panel. Also Neu5,8Ac 2 has the same mass but is absent in the reference panel. Moreover it is possible that the peak originates from a different α-keto acid (with the same mass as di-acetylated Neu) present in the biological sample. The DMB is not specific for the α-keto-carboxyl group of Neu and can react also with other α-keto acids (Nie et al. 2012) .
All the genomes with neuD localized in the Neu pathway contain a bifunctional NeuA protein. The C-terminal domain of NeuA (called NeuA*) from E. coli K1 is suggested to be involved in conversion of acetylated monomeric Sias to de-O-acetylated forms (Steenbergen et al. 2006) and from GBS to be involved in de-O-acetylation of Neu5,9Ac 2 (Lewis et al. 2007 ). The NeuD activity presumably result in O-acetylation at position 7, but spontaneous migration of acetyl groups from position 7 to 9 during release and purification has been reported (Varki and Diaz 1984) . The main function of NeuA* could thus be to create larger structural diversity of Sias by removing some O-acetyl groups again. We expected A. salmonicida to produce Neu5,7Ac 2 (Figure 9 ), and detected small amounts of di-acetylated Neu with fragment ions characteristic for Neu5,7Ac 2 by MS analysis. However, the conditions for Sia release might still need to be optimized to see a more prominent effect, i.e., the complete inhibition of proteins with O-acetylesterase activities like NeuA* in sample preparation. The bacterium might also express this sugar in higher amounts at other growth conditions, and the presence may not always be desirable when the organism is not in a particular host compartment. This will be further tested together with localization studies in future experiments. In GBS, the presence of O-acetylated Neu5Ac at carbon positions 7, 8 or 9 at outer terminal positions in their capsular polysaccharides has been reported (Lewis et al. 2004) . Sia residues of both N. meningitidis and E. coli can also be modified by O-acetylation (Claus et al. 2004; Deszo et al. 2005; Steenbergen et al. 2006) . The O-acetylation is in different pathogenic bacteria usually described to occur on monomeric Neu5Ac or on polysialic acid (Severi et al. 2007 ). In A. salmonicida, we believe that Neu5,7Ac 2 is produced as described in Figure 9 , and that it might be used for modification of the LPS layer. Studies of knock-out mutants of genes from the biosynthetic pathway and effects on bacterial infection will, therefore, be of importance in the future.
Presence of Neu in other fish pathogens A. salmonicida is one of few known marine bacteria producing Neu, however a set of similar genes is found in the versatile bacterial pathogen Edwardsiella tarda which infects a.o. fish ) and in the channel catfish pathogen E. ictaluri. These bacteria harbor homologs to all the genes in the A. salmonicida Neu biosynthesis pathway, except for a sialyltransferase. Neu5Ac has been detected in the core oligosaccharide of LPS from E. ictaluri 93-146, and a mutant failing to express Neu5Ac was less resistant to serum killing Williams et al. 2003) . The sequences of the NeuB1 homologs from E. tarda and E. ictaluri are identical to A. salmonicida in the acetyl interacting positions (E. ictaluri strain 93-146 is shown in Figure 5 ). It might be that the method used for the glycosyl analysis of the E. ictaluri LPS did not preserve possible O-linked acetyl groups and the detection of di-acetylated Neu, if originally present, would be lost. A Little is known about the molecular mechanisms for pathogenesis in these bacteria, but recent studies suggest that release of outer membrane vesicles might play a role in E. tarda pathogenesis (Park et al. 2011) , and a low level of neutrophil activation in E. tarda LPS challenged flounder has been reported (Nayak et al. 2011) . A similar phenomenon has been observed for A. salmonicida. A protein/LPS called VS-P1, the dominant immunoreactive antigen, has been suggested to form a capsular-like macromolecular layer (Espelid et al. 1987) . Much of the specific immune response of the fish may be directed against this "smoke screen" (Hjelmeland et al. 1988) . Infection with A. salmonicida does not give a high immune response in Atlantic salmon (Hoel et al. 1998) , and forms of Neu might be used in immune evasion strategies such as epitope masking. O-acetylated Neus in positions 4, 7, 8 and 9 have also been found on Atlantic salmon cells (Liu et al. 2008; Aamelfot et al. 2012 ).
Conclusions
We have cloned and purified the Sia synthase (NeuB1) from A. salmonicida. The enzyme is active; however, the K M value for ManNAc is abnormally high, which is most likely due to the absence of a 4-O-acetyl group on the substrate. Structural and mutational studies of the enzyme in the future might provide more direct evidence to support this hypothesis. Cloning and characterization of NeuD1 will also provide answers in this matter, and is currently being pursued. Alternatively, synthesis of 4-O-acetylated ManNAc and subsequent assaying with NeuB1 would verify our hypothesis. Studies of other homologs of AsNeuB1 might also provide further insights. We have detected both mono-and di-acetylated Neu in samples from A. salmonicida. Further studies will attempt to locate these sugars on the bacterium and study their possible roles in the pathogenesis. The AsNeuB1 could in the future be a valuable industrial enzyme producing pure Neu5,7Ac 2 .
Materials and methods
Bacterial strains and plasmids A. salmonicida LFI1238 isolated from cod (Gadhus morhua), kindly provided by Elin Sandaker (Norwegian Institute of Fisheries and Aquaculture Research, Tromsø, Norway) was the source for the NeuB1 gene. Genomic deoxyribonucleic acid (DNA) was extracted using the Wizard Genomic DNA Purification Kit (Promega, Madison, WI), following the manufacturers instructions. Chemically competent Top 10 cells, pDONR 221 and pDEST 17 were from Invitrogen-Life Technologies (Carlsbad, CA). Escherichia coli Rosetta 2 (DE3) pLysS strain was from Novagen. For MS analyses, A. salmonicida LFI1238 was grown at 12°C overnight on LB-agar plates supplemented with 2.5% NaCl. Bacteria were inoculated from plates into LB-media supplemented with 2.5% NaCl and grown at 12°C for 24 h. Bacterial pellets from 3 mL cultures were used for mild acid hydrolysis.
Structural analysis
The NeuB sequence homologs were aligned using T-Coffee web server (Notredame et al. 2000) . ESPript (Gouet et al. 1999 ) was then used for visualization of the alignment with manual adjustments in Adobe Illustrator (Adobe Systems, San Jose, CA). Protein secondary structure was predicted using the PSIPRED server (Buchan et al. 2010) . The biological unit of the protein structure belonging to N. meningitidis NeuB in complex with Mn 2+ , PEP and reduced ManNAc (Gunawan et al. 2005 ) was downloaded from the PDB (Berman et al. 2000) , (PDB ID:1XUZ). The coordinates for the acetyl group was collected from the PDB file 2C58, containing an acetylserine. Manual placement of the acetyl group and the mutation of residues were done using the Swiss PDB Viewer (Guex and Peitsch 1997) . Structural images were rendered in the computer program PyMol v. 0.99 (Schrodinger LLC, New York, NY).
Cloning and expression
The gene encoding NeuB1 was amplified using PCR. The total volume of the reaction was 50 µL containing 1 U Phusion high-fidelity DNA polymerase (Finnzymes/Thermo Fisher Scientific, Schwerte, Germany), buffer supplied by the manufacturer, 0.3 mM dNTPs, 0.3 µM of each of the forward and reverse primers and template DNA (genomic DNA of A. salmonicida). The amplification was carried out at 98°C for 2 min, followed by 35 cycles of denaturation (98°C for 20 s), annealing (55°C for 20 s), extension (72°C for 20 s) and final extension at 72°C for 7 min. The primers (Sigma) used for the amplification of the gene were: FP 1: 5′-TTCGAAAA CCTGTA TTTTCAGGG CATGAAAAAAATTTACATTGTT GCAG-3`, RP 1: 5′-GAAAGCTGGGTGTT ATAC CTCTTGT GCTACAAATTC-3′, FP 2: 5′-GGGACAAGTTTGTA CAAAAAAGCAGGCTTCGAAAA CCTG-3′ and RP 2: 5′-GGGGACCACTTTGTACAAGAAAGCTGGGTGTTA-3′. The NeuB1 gene was initially amplified using forward primer FP1 and reverse primer RP1. The resultant PCR1 product was purified from a 1% agarose gel using the Qiaquick Gel Extraction Kit (Qiagen, Hilden, Germany). This product was used as template in a second PCR with the primers FP2 and RP2, and the product was purified in the same way as the first PCR product. The attB-PCR product obtained in PCR2 was inserted into destination vector pDEST17 through BP and LR reactions following the "One-Tube Protocol" (Gateway cloning system, Invitrogen-Life Technologies, Carlsbad, CA). FP1 contains nucleotides encoding a TEV-cleavage site, which is introduced in front of the N-terminus of NeuB1. Nucleotides that encode a six Histidine-tag in the N-terminal end are contributed from the expression vector pDEST17. The destination vector ( pDEST17) containing the NeuB1 gene was used to transform E. coli chemically competent TOP10 Cells. The expression plasmid was purified using Plasmid DNA Purification Kit (Qiagen). The DNA was sequenced to confirm its identity. Escherichia coli Rosetta 2 (DE3) pLysS cells were used for large scale expression. A 10 mL preculture containing 34 µg/mL chloramphenicol and 100 µg/mL ampicillin was used to inoculate 1 L of LB-medium containing the same concentrations of antibiotics as the preculture. Cells were grown in an orbital shaker at 37°C until OD 600 reached 0.6. Protein expression was then induced by adding 0.5 mM IPTG after reducing temperature to 20°C and cells were grown further at 20°C overnight. The cells were harvested by centrifugation at 7459 × g for 25 min at 4°C.
Purification
Bacterial cell pellets were resuspended in lysis buffer (50 mM Tris-HCl pH 7.5, 250 mM NaCl, 5 mM β-mercaptoethanol (β-ME), 10% glycerol) containing an ethylenediaminetetraacetic acid (EDTA)-free proteinase inhibitor cocktail tablet (Roche Applied Science, Mannheim, Germany) and DNAseI (Invitrogen-Life Technologies, Carlsbad, CA). The cells were disrupted on ice by sonication (Vibra-cell, Sonics & Materials, Newtown, CT.) using pulse on/off 9.9 s, amplitude to 25% and total sonication time 30 min. The sonicated extract was centrifuged to remove cell debris (9000 × g, 30 min, 4°C). The Äkta Explorer purification system used for protein purification and columns used in the purifications were from (GE Healthcare, Uppsala, Sweden). Protein was kept on ice or at 4°C, except during the purification, which was carried out at room temperature. Filtered crude protein NeuB1 and sialic acid biosynthesis in Aliivibrio salmonicida extract ( 40 mL) was loaded onto a HisTrap affinity column equilibrated with buffer A1 (50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 10 mM imidazole, 5 mM β-ME and 10% glycerol). The bound protein was eluted using a gradient of 0-100% buffer B1 (50 mM Tris-HCl pH 7.5, 250 mM NaCl, 500 mM imidazole, 5 mM β-ME and 10% glycerol). Fractions containing the enzyme were pooled and dialyzed overnight in TEV-cleavage buffer (50 mM Tris-HCl pH 7.5, 100 mM NaCl, 1 mM β-ME and 1 mM EDTA). The dialyzed protein was collected and digested overnight with TEV protease (1 mg of TEV protease per 5 mg of AsNeuB1) to cleave the His 6 -tag from the protein. The mixture was dialyzed overnight in buffer A1 and loaded onto a HisTrap affinity column equilibrated with buffer A1. The digested protein was collected before eluting undigested bound protein using a gradient of 0-100% buffer B1. Fractions containing the enzyme were pooled and concentrated to 5 mL by using a 10,000 molecular weight cut-off Amicon Ultra spin-column (Millipore, Billerica, MA). The sample was loaded onto a Superdex 200 (16/60) gel filtration column equilibrated in buffer A2 (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM β-ME and 10% glycerol). The flow rate was 1 mL/min. The fractions containing the enzyme were pooled.
Protein analysis SDS-PAGE was performed using Pierce gels (Thermo Fisher Scientific, Schwerte, Germany) run in Tris buffer. Gels were stained with Simply Blue Safe Stain, according to the protocol supplied by the manufacturer (Invitrogen-Life Technologies, Carlsbad, CA). Protein bands of interest were excised from the gel and sent for MS analysis (Q-TOF UltimaGlobal MS, Micromass, Manchester, UK), which confirmed expression of the correct protein. SDS-PAGE was used to confirm the molecular weight of the monomer subunit of the protein. Native molecular weight of the protein was determined by gelfiltration chromatography using a Superdex 200 (16/60) column. Protein concentrations were determined by using both a nanodrop spectrophotometer (NanoDrop Technologies, Wilmington, DE) and the Bio-Rad Protein (BioRad, Hercules, CA), the latter based on the Bradford method (Bradford 1976) , and according to the microtiter plate protocol described by the manufacturer using bovine serum albumin as a standard.
Enzyme activity assay NeuB1 activity was assessed by using the modified TBA assay (Warren 1959; Aminoff 1961) . Reaction mixture (50 µL) containing enzyme, 10 mM of ManNAc, 10 mM of PEP, 5 mM of MnCl 2 , 120 mM of Tris-HCl pH 8.0 (effect of metal ion) or HEPES pH 8.0 (Temperature optimum, refolding) was incubated at specific temperature for the required amount of time and stopped by adding 137 µL of sodium periodate (2.5 mg/mL sodium periodate in 57 mM H 2 SO 4 ). The reaction was incubated at 37°C for 15 min with shaking (1350 rpm). Then, 50 µL of sodium arsenite (25 mg/mL sodium arsenite in 0.5 M HCl) was added and tubes shaken until a developed brown color disappeared. After this, 100 µL of 2-TBA solution (71 mg/mL 2-TBA, pH 9.0 with NaOH) was added and the tubes were incubated in boiling water for 7.5 min. The production of Sias was determined by a red chromophore produced in the reaction. The tubes were then incubated on ice for 5 min and allowed to remain at room temperature for 5 min. One milliliter of acidic butanol (n-butanol with 5% HCl) was added to the tubes, and the red chromophore was extracted by horizontal shaking for 10 min. Tubes were centrifuged (13,000 × rpm, 7 min, room temperature) to separate the organic and inorganic phases. Two hundred microliters of organic phase (containing red chromophore) were used for measurement of absorbance at 549 nm in a spectrophotometer (SpectraMax M e 2 , Molecular Devices, Sunnyvale, CA). Molar extinction coefficient of 57,000 M −1 cm −1 was used for the calculation (Warren 1959 ).
Determination of pH-and temperature-optima
The enzyme was assayed in duplicate at pH values ranging from 6.0 to 10.0 with 0.5 pH unit intervals. HEPES buffer was used for pH 6.0-8.0 and Tris-HCl buffer from pH 8.0 to 10.0. The reaction mixture was incubated at room temperature for 1 h and then the procedure described in the enzyme activity assay section was followed. For temperature profiling, the enzyme was assayed at temperatures ranging from 5 to 60°C in HEPES buffer, pH 8.0. The reaction mixture was incubated for 30 min at different temperatures and the reaction was terminated by adding 2 µL of concentrated H 2 SO 4 . Then, 137 µL of sodium periodate was added and the procedure followed as described in the enzyme activity assay section.
Divalent cation preference
The effect of different metal ions (Mn
2+
, Mg 2+ and Co 2+ ) were tested in duplicate. 5 mM of each ion was used in the reaction mixture, and the reaction was incubated at room temperature for 1 h. The further procedure was as described for the enzyme activity assay. The apoenzyme was prepared by incubating the enzyme with 10 mM EDTA for 30 min at 4°C, and then dialyzed in assay buffer (50 mM Tris-HCl pH 7.5, 250 mM NaCl and 5 mM β-ME) to remove the EDTA. Different concentrations of Mn 2+ ranging from 0.1 to 1 mM were used to determine the minimum amount of Mn 2+ required for full enzyme activity.
Thermal unfolding and refolding of enzyme To assess the refolding, the enzyme alone was incubated in duplicate at 55°C for 5, 25 and 45 s followed by incubation on ice for 1 h. Then, ManNAc, PEP, Mn 2+ and HEPES buffer were added and the mixture incubated at 37°C for 30 min. The reaction was stopped by adding 137 µL of sodium periodate and then the assay procedure was followed.
Enzyme kinetics
The enzyme kinetics was studied using a continuous coupled assay (Webb 1992; Chou et al. 2005) . A reaction mixture containing 100 mM Tris-HCl pH 8.0, 5 mM MnCl 2 , PEP (variable), ManNAc (variable), 5 U purine nucleoside phosphorylase and 200 µM 2-amino-6-mercapto-7-methylpurine riboside were mixed and incubated at 37°C for 5 min. The enzymatic reaction was initiated by adding NeuB1 (1.416 µM for PEP and 3.824 µM for ManNAc), giving a total assay volume of 200 µL, and measured at A 360 nm every 13 s for 25 min. Eight different substrate concentrations were used and the assay was performed in triplicate. For ManNAc, the concentrations were 10, 45, 75, 100, 130, 180, 240 and 300 mM in the presence of saturated concentration of PEP (2 mM). In case of PEP, the concentrations were 0.005, 0.01, 0.015, 0.02, 0.03, 0.06, 0.1 and 0.2 mM in the presence of 200 mM of ManNAc. Absorbance was measured using a Spectramax M e 2
Microplate reader and initial velocities were calculated using the SoftMax Pro software (both from Molecular Devices, Sunnyvale, CA). The enzymatic rate was calculated from the observed increase in absorption. Initial velocities were fit to the Michaelis-Menten equation using the program GraphPad Prism 5 (GraphPad Software, San Diego, CA) and the K M and k cat were calculated for both ManNAc and PEP. The k cat values were calculated using the formula V max / [Enzyme] . The relationship between absorbency and substrate concentration was calculated from a standard curve obtained by measuring the maximum absorbance from various substrate concentrations. The relationship between substrate concentration and absorbance is given by the formula: y = 0.0028, x = 0.0341. By using this formula, values of V max were converted from mOD/min to μM/min. Enzyme concentrations were converted from mg/mL to molar using the calculated molecular mass of 38 887.42 g/mol (monomeric protein without His 6 -tag, containing one extra glycine).
Release of Sias by mild acid hydrolysis
Bacterial cells were washed extensively after harvesting. Cells were resuspended in 2 M acetic acid and cell surface Sias released by mild acid hydrolysis with incubation at 80°C for 1.5 h. The inhibitor Diethyl-p-nitro-phenyl-phosphate (Sigma Aldrich, St Louis, MO) was added to a final concentration of 1 mM in the crude samples to prevent de-O-acetylation of the Sias. Insoluble cell debris was pelleted by centrifugation at 13,000 rpm for 3 min. The soluble fractions were passed over Amicon Ultra spin-columns with a 10,000 molecular weight cut-off (Millipore, Billerica, MA) to remove high molecular weight compounds. The low molecular weight fractions were then lyophilized and stored at −20°C for use in DMB-HPLC coupled to mass spectrometric analyses as described below.
DMB-HPLC-MS/MS analysis
Dried samples were redissolved in dH 2 O, and subjected to derivatization with DMB according to protocol given by the supplier (Sialic Acid Fluorescence Labeling Kit, Takara Bio, Shiga, Japan). Reactions were carried out for 2.5 h at 50°C in the dark. Standards of Neu5Ac (Sigma Aldrich, St Louis, MO) and a reference panel with a mixture of the Sias; Neu5Gc, Neu5Ac, Neu5,7Ac 2 , Neu5Gc9Ac, Neu5,9Ac 2 and Neu5,(7/8),9Ac 3 (ProZyme, Inc.) were also subjected to derivatization with DMB.
DMB-labeled Sias were separated by HPLC using Accela HPLC (Thermo Fisher Scientific, Schwerte, Germany) on a LTQ Orbitrap XL Fourier transform mass spectrometer (FTMS) with an Electrospray ion source (Thermo Scientific) using a positive ion profile mode fullscan (+pESI). The column used was a Hypersil GOLD 50 × 2.1 mm, 1.9 µm reversed-phase C18 column (Thermo Scientific). Elution was achieved using water with 0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B) at a flow rate of 200 µL/min. The gradient table used is presented in Table II . The analytical conditions were set to 300°C for capillary temperature, 4.5 kV spray voltage, m/z 350-550 scan range and 35% collision energy. The MS/MS was targeted on the masses m/z 426.15 and m/z 468.16 using Ion trap MS + positive ion centroid mode full scan ESI (cESI) with full MS2 in scan range m/z 125-480.
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